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Abstract El Nifio-Southern Oscillation (ENSO) variability affects year-to-year changes in North American
hydroclimate. Extra-tropical teleconnections are not always consistent between El Nifio events due to stochastic
atmospheric variability and diverse sea surface temperature anomalies, making it difficult to quantify
teleconnections using only instrumentally-based records. Here we use two paleoclimate data assimilation

(DA) products spanning the Last Millennium (LM) to compare changes in amplitudes and frequencies of
diverse El Nifio events during the pre-industrial period and 20th century, and to assess the stationarity of their
North American hydroclimate impacts on multi-decadal to centennial timescales. Using several definitions for
Central Pacific (CP) and Eastern Pacific (EP) El Nifio, we find a marked increase in 20th century EP El Nifio
intensity, but no significant changes in CP or EP El Nifio frequencies in response to anthropogenic forcing. The
associated hydroclimate anomalies indicate (a) dry conditions across the eastern-central and northwestern U.S.
during CP El Nifio and wetter conditions in the same regions during EP El Nifio; (b) wet conditions over the
southwestern U.S. for both El Nifio types. The magnitude of regional hydroclimate teleconnections also shows
large natural variability on multi-decadal to centennial timescales. However, when the entire LM is considered,
mean hydroclimate anomalies in North America during CP or EP El Nifio are consistent in terms of sign (wet
vs. dry). Results are sensitive to proxy data and model priors used in DA products. Inconsistencies between El
Nifio classification methods underscore the need for improved ENSO diversity classification when assessing
precipitation teleconnections.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) dominates interannual climate variability in the tropical Pacific (Tren-
berth, 1997). Large variations in sea surface temperature (SST) associated with ENSO can induce large shifts
in atmospheric circulation; these shifts in turn affect hydroclimate in the midlatitudes, including North Amer-
ica. For example, ENSO exacerbates extreme events in the United States such as California drought (Griffin &
Anchukaitis, 2014; Seager & Hoerling, 2014) and flooding on the Mississippi (Munoz & Dee, 2017). Improving
our understanding of the interactions between extreme hydroclimate events and variability in ENSO's North
American teleconnections is therefore of paramount importance.

While ENSO is associated with SST warming/cooling anomalies in the equatorial Pacific, the patterns of SST
anomalies may vary; generally El Nifio and La Nifia events are classified into events having centers of action in the
eastern Pacific (EP) or central Pacific (CP), which have distinct hydroclimate signatures (Capotondi et al., 2015).
Many studies have labeled these ENSO “flavors” (Trenberth & Stepaniak, 2001) (e.g., CP vs. EP ENSO) to track
and partition ENSO teleconnection impacts (Larkin & Harrison, 2005b; Ashok et al., 2007; Kao & Yu, 2009;
Yeh et al., 2009; Weng et al., 2007, 2009). However, there is still substantial debate surrounding whether or not
the different flavors of ENSO represent two distinct modes, or are simply part of a continuum of SST patterns
(Giese & Ray, 2011; Johnson, 2013; Okumura, 2019; Timmermann et al., 2018; Williams & Patricola, 2018).
ENSO diversity inherently complicates our understanding of ENSO teleconnections, because changes in SST
patterns during ENSO have been shown to have distinct impacts on precipitation in North America (Johnson &
Kosaka, 2016; Patricola et al., 2020; Shin et al., 2010; Weng et al., 2007, 2009). Some work has assumed that
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ENSO-induced teleconnections are quasi-stationary (Diaz et al., 2001; Sterl et al., 2007), implying that similar
extratropical changes in surface temperature and precipitation could be expected given two events with similar
amplitudes and distributions of sea surface temperature anomalies (SSTAs) (Ting & Hoerling, 1993). However,
observations show that teleconnections differ widely between individual ENSO events (Changnon, 1999; Hoell
et al., 2016; Hoerling & Kumar, 1997; Larkin & Harrison, 2005a; Paek et al., 2017; Siler et al., 2017). Internal
atmospheric variability contributes to distinct responses to SST patterns, which modulate ENSO teleconnec-
tion expression (Deser et al., 2017; Hoell et al., 2016; Lloyd et al., 2009, 2011, 2012; Stevenson et al., 2015).
Finally, there are low-frequency modulations in average teleconnection precipitation patterns evident over decad-
al-to-centennial timescales (Ashcroft et al., 2016; Coats et al., 2013; Lewis & LeGrande, 2015).

Given the strong internal variability in both ENSO-related SST and hydroclimate teleconnections, current obser-
vational data is too short (~100 years) to sufficiently characterize the complexity of ENSO diversity and its tele-
connections (Stevenson et al., 2012). A longer, continuous, and high-resolution observational baseline is needed
to elucidate our understanding of ENSO impacts on North American hydroclimate. To this end, highly resolved
paleoclimate archives and new techniques in paleoclimate data assimilation can be used to augment instrumental
data and constrain the behavior of ENSO flavors and their teleconnections. The Last Millennium (LM) is an
ideal period for studying ENSO teleconnection characteristics because of the existence of numerous paleoclimate
records and the dominance of multi-decadal variability prior to the onset of anthropogenic greenhouse forcing.
SST reconstructions based on ocean sediments and coral records show that ENSO activity varied during different
periods of the LM (Cobb et al., 2003; Rustic et al., 2015) in terms of frequency and amplitude of CP and EP El
Niflo events (Freund et al., 2019; Liu et al., 2017). For example, coral and tree ring reconstructions suggest an
increasing frequency of CP El Nifio events in the late of 20th century, attributable to changes in the mean state of
SST under anthropogenic warming (Freund et al., 2019; Liu et al., 2017).

Despite the relatively rich data availability over the LM, to date, few studies have focused on the impact of ENSO
diversity on hydroclimate anomalies in North America. Indeed, given the limited spatiotemporal coverage in
the paleoclimate record, it is difficult to analyze the full spatial imprint of the ENSO system on a continuous
time series, and with the spatial resolution necessary to capture SST pattern diversity. Thus, in this study, we
use two paleoclimate data assimilation (DA) reconstructions spanning the LM. The combination of annually
resolved, multi-proxy paleoclimate data and coupled climate model output facilitates DA reconstruction of past
climate information derived jointly from paleo-archives and model physics with complete spatial resolution.
The two paleoclimate DA reconstructions employed include the Last Millennium Reanalysis (LMR, Hakim
et al. (2016); Tardif et al. (2019)) and the Paleo Hydrodynamics Data Assimilation product (PHYDA, Steiger
et al. (2018)), both of which are used to investigate ENSO's behavior over the LM. The two products allow us
to identify ENSO events and SST anomaly patterns, and to assess the associated hydroclimate anomalies across
North America in a physically consistent framework.

This study focuses on changes in the frequency and hydroclimate expression of CP and EP El Nifio events
between the pre-industrial period (1000-1850 C.E.) and the 20th century (1900-2000 C.E.). Given that multiple
studies demonstrate that CP and EP La Nifia events are not easy to partition (Kug & Ham, 2011; Ren & Jin, 2011;
Zhang et al., 2015), and the fact that many of the methods described in this study focus solely on El Nifio events,
we opt to examine CP and EP El Nifio events alone. We investigate the impacts of CP and EP El Nifio on the
hydroclimate over North America in both data products, with specific attention to three key questions: (a) Are
teleconnections during CP and EP El Nifio events self-consistent across different definitions classifying CP and
EP El Nifio? (b) Are the teleconnections associated with EP and CP El Nifio events themselves changing with
time? (c) What do changes to the frequency and/or intensity of CP and EP El Nifio with time imply about future
changes in North American hydroclimate for different SSTA patterns?

2. Data and Methods

2.1. Data Assimilation Reconstructions

The data assimilation reconstructions used in this study are the Last Millennium Reanalysis (LMR, Hakim
et al. (2016); Tardif et al. (2019)) and the Paleo Hydrodynamics Data Assimilation Product (PHYDA, Steiger
et al. (2018)). Both DA products blend paleoclimate proxy data with global climate model simulations in an
offline ensemble Kalman filter approach (Oke et al., 2002). Constrained by both observations and our knowledge
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of climate dynamics, these data assimilation-based reconstructions produce annually resolved and spatially
continuous data of climate history over the last 2000 years.

2.1.1. The Last Millennium Reanalysis (LMR)

LMR (Hakim et al., 2016; Tardif et al., 2019) reconstructs several annually resolved climate variables, includ-
ing SST and the Palmer Drought Severity Index (PDSI, Palmer (1965)), as used here. The annual anomalies
are reconstructed based on calendar year averaging (e.g., Jan.1997-Dec.1997), which splits years in the middle
of peak ENSO cycles (December-February, DIF). Two versions of the LMR have been developed; we employ
LMR versions 2.0 (v2.0) and 2.1 (v2.1), which include an updated proxy database and seasonal regression-based
models for tree-ring width. By contrast, LMR version 1 used annual regression-based models for all proxies
(Tardif et al., 2019). LMR v2.0 uses a database of 2,244 proxies (Anderson et al., 2019) that combines PAGES2k
records (PAGES2k Consortium, 2017) and Breitenmoser et al. (2014) chronologies, whereas LMR v2.1 uses only
544 records from PAGES2k Consortium (2017) spanning varying portions of the Common Era. LMR generally
assimilates temperature-sensitive proxies. Proxies are modeled as univariate with respect to annual temperature,
except in the case of tree ring width, which is bivariate with respect to seasonal temperature and precipitation.
Additionally, LMR employs the Last Millennium simulation from the Community Climate System Model version
4 (CCSM4, Landrum et al. (2013)) as its prior, from which 100 years were randomly drawn in the data assimila-
tion process. The LMR reconstructions also include a suite of Monte-Carlo iterations, each of which withholds
25% of randomly selected proxies in the reconstruction process and includes a different random draw of 100 years
from CCSM4. Here we employ the ensemble mean SST and PDSI of all ensemble members and Monte-Carlo
iterations to investigate ENSO diversity and hydroclimate teleconnection patterns.

To investigate the sensitivity of our results to the proxy network used for the reconstruction, we analyzed data
from two additional LMR experiments that changed the proxy availability or regional coverage used in the recon-
struction (Section 3.2). The first experiment employs a fixed-proxy reconstruction (e.g., a fixed number of prox-
ies are used throughout the LM in the assimilation). This effectively accounts for the impacts of variance reduc-
tion back in time caused by the reduction of proxy availability used in the original LMR reconstructions (Figure
S1 in the Supporting Information S1). This allows for the comparison of temporal variance changes without
proxy network changes. A second experiment reconstructs climate withholding all North American proxy records
to mask the regional proxy impacts on SST reconstructions. This experiment investigates the impact of regional
proxy availability (used in L. Parsons and Hakim (2019)) on our results of CP and EP EI Nifio characteristics.

2.1.2. The Paleo Hydrodynamics Data Assimilation Product (PHYDA)

PHYDA (Steiger et al., 2018) combines 2978 proxy time series with a climatologically bias-corrected version
of one full-forcing Community Earth System Model Last Millennium Ensemble member (CESM LME, Otto-
Bliesner et al. (2016)). In contrast to the LMR, PHYDA is specifically designed around a hydroclimate-sensitive
proxy network. The proxies used in PHYDA are modeled as univariate with either temperature or PDSI, or as
bivariate with SST and sea surface salinity. PHYDA reconstructs climate variables at resolutions of annual mean,
boreal summer mean (June through August; JJA), and austral summer mean (December through February; DJF);
of these we use 2m air temperature and PDSI at annual mean resolution. Unlike LMR, PHYDA's annual mean
is based on a hydrological year (April to March of next year, e.g., Apr.1997-Mar.1998), better preserving peak
ENSO impacts. Similar to the LMR, we use the ensemble mean of PHYDA for our analyses (PHYDA's ensemble
is derived from all the years from the bias-corrected CESM LME simulation). Two-meter (2m) air temperature is
used as an approximation for tropical Pacific SST in PHYDA (SST is not directly reconstructed, though over the
open ocean 2m air temperature is very highly correlated with SST (Cayan, 1980)).

2.2. Definitions

We employ multiple definitions to characterize El Nifio events, El Nifio spatial pattern differences, and associated
hydroclimate teleconnections. Given the joint impacts of changes in climate mean state and reconstruction vari-
ance back in time, all variable anomalies are computed following the removal of the running 30-year mean, and
standard deviations are computed using a 30-year moving window.
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2.2.1. ENSO Event Classification

In this paper, El Nifio/La Nifia events are defined with Nifio 3.4 index in both DA products. Note that La Nifia
events are considered only for the validation of the two DA products; the focus of our analysis is El Nifio events
only. The 30-year running mean is removed to calculate SSTA; the Nifio 3.4 index is computed using SSTA aver-
aged over the Nifio 3.4 region (5°S-5°N, 170-120°W). An EI Nifio event is classified for Nifio 3.4 index anomalies
exceeding +1 standard deviation (+10). Conversely, a La Nifia event falls below -1o.

2.2.2. Central Pacific and Eastern Pacific El Niio Events

Central Pacific (CP) (also called Modoki (Ashok et al., 2007)) and Eastern Pacific (EP) El Nifo events refer to
the spatial differences in SSTA maxima and SSTA patterns observed over the modern period (Kao & Yu, 2009).
Several indices and methods have been employed in the literature to differentiate between CP and EP El Nifio,
and to better understand El Nifio diversity. Noting the complexity in SSTA patterns, some El Nifio events occur
over a broad range of longitudes covering both CP and EP. The identification of CP and EP EIl Nifio is thus not
strictly binary, and depends on the methodology employed (Capotondi et al., 2015). With attention to the impact
of the methodology, we here summarize three such index definitions:

2.2.2.1. Niiio 3-4 Index

The Nifio 3—4 index method (Kug et al., 2009; Yeh et al., 2009) classifies El Nifio events as warm pool” or “’cold
tongue.” ”"Warm pool” events, which are treated as CP El Nifio in this paper, are defined as years when average
SSTA in Nifio 4 region (5°S-5°N, 160°E—150°W) (a) exceeds 1o, and (b) exceeds the average SSTA in the Nifio
3 region (5°S-5°N, 150-90°W). ”Cold tongue” events (EP El Nifio) are conversely characterized when Nifio 3
region SSTA exceeds 1o and average Nifio 4 SSTA.

2.2.2.2. CP-EP Index

The CP-EP index method (Kao & Yu, 2009; Yu et al., 2012) uses regression and Empirical Orthogonal Function
(EQF) analysis. To obtain the CP El Nifio structure, the regression of the Nifio 1 + 2 index (SSTA averaged over
0°-10°N, 90°-80°W) onto SSTA is subtracted from original tropical SSTA field before EOF analysis is applied
to the SSTA over the tropical Pacific (30°S-30°N, 120°E—80°W). The leading principal component (PC) of this
EOF analysis is used to define the CP index. For EP El Nifio, a similar removal of the Nifio 4 regression onto
SSTA is conducted and EOF analysis on tropical Pacific SSTA is used to obtain the leading PC as the EP index.
CP El Nifio is characterized as CP index years above 1o, where the CP index also exceeds the EP index, and vice
versa for EP El Niflo.

2.2.2.3. Cand E Index

The C and E index method (Takahashi et al., 2011) defines “C” and “E” indices to represent CP and EP El Nifio
events, respectively. These indices are defined by a linear combination of the first two PCs of tropical Pacific
SSTA, effectively forming a 45°-rotated orthogonal coordinate:

C = (PC1+ PC2)//2,
E = (PC1 - PC2)/ /2.

CP El Nifio is then defined as C index years exceeding 1¢ and C index exceeding E index, and vice versa for EP
El Nifio.

2.2.3. Hydroclimate Teleconnections and SST Composites

We use PDSI to evaluate changes in North American hydroclimate conditions (positive PDSI represents wet
conditions, and negative PDSI represents dry conditions). PHYDA does not reconstruct precipitation amount
directly, but PDSI is a reconstructed state variable in both DA reconstructions. Thus, we used PDSI to facilitate
consistent comparisons between LMR and PHYDA. In our analysis, PDSI is normalized by the 30-year running
standard deviation of the Nifio 3.4 index to isolate El Nifio teleconnection hydroclimate signals from changes in
mean state climate (Stevenson, 2012; S. Dee et al., 2020). We computed patterns of El Nifio and hydroclimate
teleconnections through creating composites of SSTA and normalized PDSI anomalies (Stevenson et al., 2012).
For the comparison between the pre-industrial period and the 20th century, we computed the probability density
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functions (PDFs) of variables of interest (e.g., event indices and normalized PDSI) during the two time periods
to investigate climatic shifts.

3. Results
3.1. Validation of ENSO Characteristics in Paleo-DA Reconstructions

Biases in the reconstructions employed here exist due to uncertainties in proxies and reconstruction methodology
(Hakim et al., 2016; Steiger et al., 2018; Tardif et al., 2019). Thus, to validate ENSO characteristics in the LMR
and PHYDA ((Figures S2 and S3 in the Supporting Information S1), we compare both datasets to 20th century
(1900-2000) observations of SST from the Hadley Center (HadISST v1.1, Rayner et al. (2003)). Comparisons
show that, in general, El Nifio events (defined according to Nifio 3.4 index, Section 2.2.1) derived from LMR v2.1
and PHYDA show strong similarities with observations in terms of both SSTA patterns and the statistics of Nifio
3.4 index variability (Figures S2 and S3 in the Supporting Information S1).

The El Nifio SSTA pattern in LMR v2.1 differs from observations near the eastern tropical Pacific coast (Figure
S2c in the Supporting Information S1), likely reflecting known biases in CCSM4: the ENSO SSTA patterns are
shifted west relative to observations (Deser et al., 2012). The validation statistics for LMR v2.0 and LMR v2.1
are nearly identical (Figure S4 in the Supporting Information S1). However, LMR v2.1 is better correlated with
observations, and thus we focus on v2.1 in the analyses that follow. Both LMR v2.1 and PHYDA overestimate
SSTA amplitude along the equatorial Pacific for El Nifio events (Figures S2 and S3 in the Supporting Informa-
tion S1). But in general, PHYDA reconstructs SSTA patterns with reduced bias and a closer match to observa-
tions in the eastern equatorial Pacific compared to LMR (Figures S2 and S3 in the Supporting Information S1).

To ensure our results are robust to the difference in year averaging choices of LMR and PHYDA, we analyzed
SST and precipitation data from CESM-LME (Otto-Bliesner et al., 2016) using both annual-mean methods.
The results indicate differences are negligible in the precipitation patterns, despite the use of different annual
averaging windows (Figure S5 in the Supporting Information S1). Thus, we assert the main differences between
the two DA products are not an artifact of the averaging window, but likely result from different choices in the
reconstruction processes, such as use of different proxy system models and model bias correction methods (the
latter of which is employed in PHYDA but not LMR, Steiger et al. (2018); Tardif et al. (2019)).

The methods used to partition CP and EP El Nifio events process SST data differently, which might cause distinct
expressions of SSTA patterns and indices. To evaluate the impact of these differences, we compared the CP and
EP El Nifio SSTA patterns for the 20th century in both DA products to HadISST (Figures 1 and 2), evaluating the
three regional SST-based methods (Nifio 3—4, CP-EP and C and E, see Section 2.2.2). Correlation coefficients (R)
for each index are reported in Table 1. The Nifio 3—4 and C and E methods in both DA products generally capture
observed characteristics of CP and EP El Nifio events in terms of SSTA patterns (Figures 1 and 2) and index
correlations with observations (R > 0.6, P < 0.05, Table 1). Both DA products show stronger warming along the
equator in CP and EP El Nifio SSTA patterns compared to observations for the Nifio 34 and C and E method
(panels d, f, j, i in Figures 1 and 2). Warming maxima are shifted to the west in reconstructed EP El Nifio SSTA
patterns compared to HadISST (a known feature of CCSM/CESM and other climate models, Capotondi (2013)).
In addition, for both the Nifio 34 and C and E methods, CP and EP El Nifio patterns in both reconstructions are
similar to one another and not as distinct as patterns derived from HadISST. This is potentially due to the fact
that CP and EP El Nifio events are not adequately distinguished because of spatial biases in LMR and PHYDA's
ENSO SSTA reconstructions (Figures S2 and S3 in the Supporting Information S1).

By contrast, the CP-EP method does not properly partition CP and EP El Nifio SSTA patterns in paleo-reanalysis
data (panels b, e, h, k in Figures 1 and 2). The SST patterns are poorly correlated with observations (R < 0.5,
Table 1). EP EI Nifio SSTAs produced by this method are not readily identifiable El Nifio-like patterns in LMR
(Figures 2b and 2e), and the CP El Nifio pattern in PHYDA exhibits weaker SST warming than that of HadISST
(Figures 1h and 1k). The large discrepancies between observations and the DA products using the CP-EP method
can be attributed to the relatively weak correlation of the Nifio 1 + 2 index in reconstructions and observations
(Figure S4 in the Supporting Information S1), which is likely driven by biases in the coastal upwelling simulated
in the CCSM/CESM model priors (Deser et al., 2012); the CP-EP method is the only method that employs the
Nifio 1 + 2 index for CP and EP definitions. In addition, as the variance of the SST ensemble mean declines back
in time in the DA products, especially for LMR (Figure S1 in the Supporting Information S1), uncertainties in
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Figure 1. Reconstructed Central Pacific (CP) El Niflo SSTA (°C) patterns in (a—f) Last Millennium Reanalysis (LMR) and (g-1) Paleo Hydrodynamics Data
Assimilation (PHYDA) during the 20th century based on the Nifio 3—4, CP-EP, and C and E methods. The differences between LMR/PHYDA and Hadley center SST
(HadISST) during the 20th century are shown as difference maps (d, e, f, j, k, 1).

the Nifio 1 + 2 index reconstructed by DA products increases. These uncertainties are likely propagated when we
remove the 1000-year based regression of the Nifio 1 + 2 index onto SSTA, so the CP-EP method may result in
larger biases in the calculation of the CP and EP index.

In general, both reconstructions are well correlated with observed ENSO characteristics (Figures S2 and S3 in
the Supporting Information S1) and thus are appropriate tools for diagnosing ENSO changes over the LM. The
expression of CP and EP El Nifio events is dependent on the definition method used (Figures 1 and 2). Thus,
in the text that follows, we consider only the Nifio 3—4 and C and E methods for classifying CP and EP El Nifio
events and associated hydroclimate teleconnections in North America.

3.2. Frequency and Amplitude of CP and EP El Nifio Over the Last Millennium

We first evaluate the frequency and amplitude changes of CP and EP El Nifio during the LM, using the Nifio 3—4
and C and E methods (Section 2.2.2). Figure 3 shows the frequency of (a) CP El Nifio, (b) EP El Nifio, and (c)
the ratio of CP to EP El Nifio (CP/EP) in 50-year windows in LMR and PHYDA. In general, CP El Nifio events
occur more frequently than EP El Nifio events (at a rate of ~10 out of every 50 years, while EP El Nifio events
occur at a rate of ~5 out of every 50 years). The CP/EP ratio change highlights several time periods with more
active CP El Nifio events (Figures 3e and 3f, gray shading). However, these periods are generally inconsistent in
timing between LMR and PHYDA and inconsistent amongst CP or EP definition methods. Although the CP/EP
ratios for both LMR and PHYDA indicate increased recurrence of CP El Nifio in the 20th century compared to
the 19th century, equivalent or even higher ratios during other periods in the LM (Figures 3e and 3f) suggest that
the frequency changes of CP El Nifio in the 20th century are not necessarily anomalous in the context of the LM,
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Figure 2. Same as Figure 1 but for EP El Niflo.

and can be attributed to the natural variability of CP/EP on multi-centennial timescales. As a sensitivity test, we
used 30-year and 70-year windows to evaluate the CP and EP El Nifio frequency changes over the LM; the results
are consistent across all three choices of averaging window size (Figures S6 and S7 in the Supporting Informa-
tion S1). Importantly, these frequency results contrast with previous work evaluating paleoclimate records, which
suggested a significant increase in the frequency of CP El Nifio in the 20th century compared to previous centu-
ries attributable to anthropogenic warming (Freund et al., 2019; Liu et al., 2017).

To test the sensitivity of the reconstructed changes in event frequency to proxy availability back in time (Figure
S1 in the Supporting Information S1) and the impact of North American (NA) proxy records on El Nifio SST
reconstructions, we reproduced the step plots of CP and EP frequency using an LMR fixed-proxy reconstruction
and the LMR experiment withholding all NA proxy records (Section 2.1.1). In the fixed-proxy reconstruction,

Table 1

Temporal Correlation Coefficients (R) for Different Indices Between
Reconstructions (LMR and PHYDA) and HadISST Under Different
Definition Methods Partitioning CP and EP El Niiio Variability During

the 20th Century. (All Correlations Are Significant at the 95%
Level)

Confidence

the frequency changes differ from the full LMR (shown in Figure 3) but still
yield natural variability on multi-centennial timescales (Figure S8 in the
Supporting Information S1). Thus, the frequency changes of CP and EP El
Nifio through time cannot be solely explained by changing proxy density. In
the second sensitivity experiment withholding NA proxies, event frequencies
change differently compared to the full-network reconstructions in LMR and
PHYDA,; specifically, the variability of the CP/EP ratio decreases, and the

frequency of CP El Nifio using the Nifio 3—4 method shows a significant

Method Nifio 34 CP-EP Cand E increase in the 20th century. However, again, the results still exhibit internal
El Nifio type CP EP CP EP CP EP variability throughout the LM (Figure S9 in the Supporting Information S1),
LMR v2.1 0.85 075 0.44 030 063 063 further indicating tbat natural varlablh-tzl strongly influences multi-centennial
frequency changes in CP and EP El Nifio events.
PHYDA 0.74 0.76 0.29 0.37 070  0.62
LUOET AL.
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Figure 3. Central Pacific (CP) and Eastern Pacific (EP) El Nifio event frequency (number/50 years) over the LM for Last Millennium Reanalysis (LMR) (a) and Paleo
Hydrodynamics Data Assimilation Product (PHYDA) (b) CP frequency, LMR (c) and PHYDA (d) EP frequency and the ratio of CP to EP in LMR (e) and PHYDA (f).
All frequencies are number of events per 50 years based on the two definition methods (Nifio 3—4 and C and E). Shading in (e) and (f) represents time periods when the
average ratio given by both methods is above 1 (CP frequency > EP frequency).
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Figure 4. Probability density functions (PDFs) of indices based on Paleo Hydrodynamics Data Assimilation Product
(PHYDA) data for (a) Central Pacific (CP) and (b) Eastern Pacific (EP) El Nifio from the Nifio 3—4 method, (¢) CP and (d)
EP EI Nifio from the C and E method during the pre-industrial and the 20th century. Dashed lines represent the medians of
the distribution for different time periods.

In addition, we examine changes in the amplitude of CP and EP El Nifio, an important control on teleconnection
precipitation (Capotondi et al., 2015; Hoell et al., 2016). We compare the pre-industrial (1000-1850 C.E.) event
variance of CP and EP El Nifio to event variance during the 20th century to estimate the impact of climatic mean
state changes on El Nifio events. Given that the ENSO variance reduction in PHYDA is much less than that of
LMR (Figure S1 in the Supporting Information S1), hereafter, we focus our discussion on the results produced
using PHYDA (Figure 4). The probability density functions (PDFs) for CP and EP El Nifio events during these
two time periods are computed as a metric for event strength. Differences in the PDFs between the pre-industrial
and the 20th century vary by definition method. However, both the Nifio 3—4 and C and E methods show a signif-
icant increase (p < 0.005, Wilcoxon rank-sum test) in the amplitude of EP El Nifio from the pre-industrial to the
20th century (Figures 4b and 4d) and very little change in the amplitude of CP El Nifio (Figures 4a and 4c). Note
that there are significant changes between the pre-industrial and the 20th century for both CP and EP El Nifio in
LMR (Figure S10 in the Supporting Information S1). Only the C and E method indicates similar CP and EP El
Nifio variance for both PHYDA and LMR (Figure 4 and S10 in the Supporting Information S1).

To assess the impact of proxy availability back in time (Figure S1 in the Supporting Information S1), we
performed the same PDF analyses for the LMR fixed-proxy network reconstruction (Section 2.1.1). The results
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(Figure S11 in the Supporting Information S1) yield similar PDFs of CP and EP El Nifio variance changes (i.e.,
increased EP El Nifio variance and no change in CP El Nifio variance) when compared against PHYDA's results
(Figure 4). This consistency provides support for the conclusion that these variance changes are not just based on
changing proxy network density through time, yielding confidence in the robustness of our result. In sum, these
analyses show that the amplitude of EP El Niflo events increases significantly in the 20th century compared with
the LM, while CP El Nifio variance remains unchanged.

3.3. North American Hydroclimate Patterns and ENSO Diversity Over the Last Millennium

ENSO's impacts on extreme hydroclimate events (i.e., droughts and floods) across North America have been
evaluated in previous work (Griffin & Anchukaitis, 2014; Munoz & Dee, 2017; Seager & Hoerling, 2014, and
many others). To investigate in detail how hydroclimate events respond to distinct El Nifio SSTA patterns, the
methodology described in Sections 2.2.2 and 2.2.3 are applied to (a) differentiate CP and EP El Nifio events
throughout the LM and (b) extract corresponding maps of hydroclimate patterns over North America.

Composites of CP and EP El Nifio SST and normalized PDSI anomalies (Figure 5) indicate that the spatial
patterns of PDSI anomalies for CP or EP El Nifio are generally consistent in both reconstructions and using both
definition methods. The pattern correlations for the two methods (R > 0.9 for PHYDA, R > 0.7 for LMR) and
between two DA products (R > 0.53 for CP El Niiio, R > 0.75 for EP El Nifio) are all significant at the 95% confi-
dence level. We selected three key regions for documenting changes in hydroclimate based on both previous work
(Herweijer et al., 2007) and by selecting dominant regions that exhibit large differences in hydroclimate across
the U.S.: northwest (NW; 42°-50°N, 125°-115°W), eastern-to-central (E-Central; 30°-50°N, 100°-70°W), and
southwest (SW; 30°-43°N, 115°-107°W). The NW and E-Central U.S. show decreased PDSI during CP El Nifio
events, and increased PDSI during EP El Nifio events, while the SW U.S. shows increased PDSI during both types
of El Nifio events. These patterns are generally consistent with CP and EP El Nifio hydroclimate conditions based
on PDSI derived from observations (Figure S12 in the Supporting Information S1) and documented in previous
work (Barsugli & Sardeshmukh, 2002; Weng et al., 2009). Dry conditions in the E-Central U.S. are more intense
in the reconstructions compared to observations (Figure S12 in the Supporting Information S1); E-Central U.S.
drought patterns during CP El Nifio events in the LMR extend further south (covering areas along the Gulf of
Mexico) compared to PDSI anomaly patterns in PHYDA (Figures 5a and Se). Wet anomalies across the E-Central
U.S. during EP EI Nifio events are the largest for LMR using the C and E method (Figures 5b, 5d, 5f and 5h). In
addition, PHYDA reconstructs wetter conditions in the SW U.S. during CP El Nifio events compared to CP El
Nifio (Figures 5c, 5d, 5g, and 5h), consistent with observations (Figure S12 in the Supporting Information S1).
In general, the hydroclimate patterns for both DA products and for both methods yield a set of consistent results:
(a) drier conditions during CP El Nifio events and wetter conditions during EP El Nifio events in the NW and
E-Central U.S.; and 2) wetter anomalies across the SW U.S. for both CP and EP El Nifio events.

Given the multi-decadal changes in the frequency and intensity of EP and CP El Nifio events discussed in
Section 3.2, we note that teleconnections and their impacts on hydroclimate patterns are likely non-stationary
over the LM. Expanding on the composite characteristics given in Figure 5, we computed the temporal variability
(step plot) and hydroclimate PDFs for three key regions (the SW, NW and E-Central U.S.) in Figure 6. We opted
to focus our analyses on the C and E method given that this method exhibits more consistent CP and EP El Nifio
statistics and associated hydroclimate patterns between DA products (Section 3.2, Figure 5). Figure 6 shows that
temporal changes in regional PDSI are not consistent in LMR and PHYDA; changes in teleconnection strength
for CP and EP El Nifio events are variable in all regions (Figures 6a, 6¢, and 6e), indicating nonstationarity in El
Nifio teleconnections over the LM. In addition, increased CP EI Niiio teleconnection strength does not always
temporally align with strengthened EP or all El Nifio teleconection periods (Figures 6a, 6¢, and 6¢e). However, in
general, the SW U.S. experiences wetter conditions during both CP and EP El Nifio events; the NW and E-Cen-
tral U.S. experience drier conditions during CP El Nifio events, and wetter conditions during EP El Nifio events
despite differences in teleconnection strength. These features are consistent with the PDFs shown in the right
panel of Figure 6, which show that the SW U.S. shifts toward wetter conditions during both CP and EP EI Nifio
events (Figure 6b); the NW and E-central U.S. shift toward dry conditions during CP EI Nifio but wet conditions
during EP El Nifio (Figures 6d and 6f). Although the spread in the PDFs in Figure 6 shows that the moisture
supply in North America can be variable and even opposite in sign compared to the average, the shifts in PDSI
in these selected regions are consistent with the mean hydroclimate patterns associated with certain CP and EP
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Figure 5. Maps showing composites of sea surface temperature anomalies (SSTA) (°C) and PDSI anomaly (unitless) of Last Millennium Reanalysis (LMR) and Paleo
Hydrodynamics Data Assimilation Product (PHYDA) over the LM. (a, b) LMR's and (c, d) PHYDA's SSTA and PDSI anomaly composites patterns of Central Pacific
(CP) and Eastern Pacific (EP) El Nifio for Nifio 3—4 method. (e, f) LMR's and (g, h) PHYDA's SSTA and PDSI anomaly composites for the C and E method. Red boxes
represent the region used for the southwestern (SW) U.S.; black boxes encapsulate the northwestern (NW) U.S.; blue boxes encapsulate the eastern-central (E-central)
u.s.
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Figure 6. Temporal changes in Last Millennium Reanalysis (LMR's) and Paleo Hydrodynamics Data Assimilation Product's (PHYDA's) PDSI anomalies (unitless) for
three key regions during the LM. Central Pacific (CP) and Eastern Pacific (EP) El Nifio events are defined based on the C and E method. PDSI anomaly changes of CP,
EP and all El Nifio events (in 50-year window averages) for LMR and PHYDA in regions of (a) SW U.S., (c¢) NW U.S. and (e) E-Central U.S. PDFs of PDSI anomaly
of CP and EP El Nifio events in regions of (b) SW U.S., (d) NW U.S. and (f) E-Central U.S. All black dotted lines represent a neutral (0) PDSI anomaly. Dashed lines in
(b), (d) and (f) represent the average of the distribution.

El Nifio states in Figure 5. The shifts in the PDFs are weaker using the Nifio 3—4 method compared to the C and
E method, though consistent moisture conditions are evident during the two types of El Nifio events for all three
regions (Figure S13 in the Supporting Information S1).

To extend our comparison of CP and EP El Nifio SST amplitudes in the pre-industrial and the 20th century
(Figure 4), we compared the strength of CP and EP teleconnections during these two time periods (Figure 7).
Here, we primarily present PHYDA's PDFs of scaled PDSI anomalies derived from the C and E method. The
teleconnections exhibit large temporal variability (Figure 6); thus, the regional teleconnection changes are not
consistent, and depend jointly on region and El Nifio type. The changes in PDSI anomalies are not significant
(considering all regions). The strength of the teleconnections remains unchanged between the pre-industrial and
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the 20th century in the SW U.S. during CP El Nifio events and the NW U.S. during EP EIl Nifio events (Figures 7a
and 7d). The PDSI anomalies decrease slightly in the 20th century for the NW U.S. during CP EI Nifio events and
for the SW and E-Central U.S. during EP El Nifio events compared to the pre-industrial (Figures 7b, 7c, and 7f).
Only the E-Central U.S. shows an increased teleconnection strength during CP events from the pre-industrial to
the 20th century (Figure 7e). SST variance of CP El Nifio remains unchanged in the 20th century (Figure 4), but
the teleconnection during CP El Nifio events show unchanged, increased, and decreased strength compared to
the pre-industrial in the SW, E-Central, and NW regions, respectively (Figures 7a, 7c, and 7e). The significantly
increased EP El Nifio SST amplitude (Figure 4) does not result in strengthened hydroclimate teleconnections from
the pre-industrial to the 20th century (Figures 7b, 7d, and 7f). The shifts in PDFs of LMR's normalized PDSI
anomalies are similar to PHYDA's PDFs; however, CP El Nifio teleconnections in the E-Central U.S. between
the pre-industrial and the 20th century remain unchanged (Figure S14 in the Supporting Information S1). Taken
together, the main conclusion stands: teleconnection strength is independent of El Nifio SST variance, consistent
with the results of S. Dee et al. (2020).

In general, teleconnection strength varies over time and varies independently from El Nifio variance changes.
However, consistent shifts in the PDSI anomalies for CP or EP El Nifio events may prove informative for future
prediction of regional hydroclimate conditions. Furthermore, average hydroclimate patterns are subject to change
as a function of mean SSTA changes over time (S. Dee et al., 2020).

4. Discussion

This work investigates changes in the frequency of different SST patterns associated with CP and EP El Nifio
events (or El Nifio “flavors™) over the LM, and evaluates patterns of hydroclimate teleconnections over North
America corresponding to each El Nifio flavor to diagnose how teleconnections evolved over the LM. Such
information has implications for the predictability of hydroclimate conditions associated with CP and EP El Nifio
events.

Differentiation of ENSO diversity in terms of CP versus EP El Nifio events is largely method- and data-depend-
ent. In general, all methods differ in their identification of El Nifio flavors. For example, the observed 1997/1998
strong EP El Nifio event is partitioned as both a CP and EP EI Nifio event in all methods except for the C and
E method. The uncertainties associated with methods of event classification underscore the risk of employing
one single method to characterize El Nifio SSTA patterns over time, especially when applied to paleoclimate
reconstructions, which are imperfectly resolved in time and space. Our results also suggest that, for more accurate
predictions, the binary system of CP versus EP El Nifio may not offer robust constraints on the hydroclimate
patterns that emerge for a given El Nifio event in paleoclimate DA products, which are also spatially complete
and constrained by observations. A recent study documented that El Nifio events with weak zonal SSTA gradients
may result in ocean-atmosphere decoupling, which impacts extratropical precipitation (Hu et al., 2020). The simi-
larity between such “uncoupled” El Nifio warming events and CP El Nifio events in terms of both SSTA patterns
and hydrological impacts indicates that the spatial details of event-to-event ocean-atmosphere coupling and sensi-
tivity to event-based SST patterns remain underdetermined. While many classification methods of CP and EP El
Nifio do include full spatiotemporal information via EOF analyses, to improve prediction, we assert that rather
than binary indices derived from regional SST, studies which consider the complexity of tropical Pacific SST
pattern and its interaction with the atmosphere (i.e., the position of the convective threshold (Okumura, 2019;
Patricola et al., 2020)) are needed, especially for precipitation prediction.

Despite the differences between the various methods and data products, we identify several consistent changes in
the frequency and amplitude of CP and EP El Nifio events and corresponding hydroclimate patterns over North
America. Both the Nifio 34 and the C and E methods applied to LMR and PHYDA show large variability in
CP/EP El Nifio event frequency during the LM (Figure 3). In contrast, recent work using coral reconstructions
documented an unprecedented increase in CP EI Nifio recurrence in the 20th century, and attribute these changes
to anthropogenic warming (Freund et al., 2019; Yeh et al., 2009). Our results suggest that the increase of CP
El Nifio event frequency in the 20th century is not anomalous compared to other centuries during the LM, and
can be attributed to the natural variability of CP and EP El Nifio occurrence, consistent with work of Newman
et al. (2011) and Yeh et al. (2011). The differences of CP and EP El Nifio recurrence might be attributed to
the different proxy networks used for past SST reconstructions; Freund et al. (2019) only used tropical coral
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records, while the DA products used in our analysis reconstruct climate based on global networks of paleocli-
mate records (e.g., adding tree-ring records over North America). DA reconstructions which test sensitivity to
proxy network and type (i.e., coral-only) would be needed to further diagnose the discrepancy (e.g., Sanchez
et al., 2021). However, in agreement with Freund et al. (2019), we do find that increased EP El Nifio strength in
the 20th century emerges using both methods (Figure 4).

While the impacts of LM external forcing on ENSO and its hydroclimate teleconnections (i.e., volcanic forcing)
are well-documented (Stevenson et al., 2017; Stevenson et al., 2018; S. G. Dee et al., 2020; Zhu et al., 2020;
Tejedor et al., 2021a, 2021b; Sanchez et al., 2021, and many others), our analysis suggests multi-decadal changes
in El Nifio teleconnections over North America are indicative of large and unforced internal variability, includ-
ing across the 20th century. For example, as shown in Figure 6, strengthening teleconnections do not neces-
sarily synchronize with strengthened El Nifio SSTs (S. Dee et al., 2020). Teleconnections exhibit large natural
multi-decadal- to centennial-scale variability during the LM, a result consistent with previous work evaluating
teleconnections in model simulations (Coats et al., 2013; Lewis & LeGrande, 2015). The temporal changes in
teleconnection strength do not show a shift toward enhanced hydroclimate conditions in the 20th century, for
example, alongside larger EP El Nifio variance (Figures 4 and 7). That said, CP and EP El Nifio hydroclimate
conditions in North America do show generally consistent changes in moisture supply over the LM in both DA
products (Figures 5 and 6). For example, in the E-Central and NW U.S., a shift toward drier (wetter) condi-
tions occurs during CP (EP) El Nifio events. Moisture supply in the SW U.S. increases for both El Nifio types.
Although the magnitude of hydroclimate response to CP and EP El Nifio varies substantially on multi-decadal
timescales, the signs of those anomalies are consistent through the last millennium in the three U.S. regions
evaluated here. Overall, the consistency between the two paleoclimate reconstructions gives us confidence in the
distinct hydroclimate response to CP and EP El Nifio events.

We acknowledge several limitations of this work. Proxy records are fundamentally imperfect recorders of past
climate variability and contain seasonal information biases. Additionally, the proxy networks used in the LMR
and PHYDA decrease in size further back in time; this decrease in proxy information corresponds with an
increase in the reconstruction uncertainties. An additional feature of data assimilation-based reconstructions is
that as proxy information decreases, the reconstruction will drift closer to the mean climate model state, thereby
reducing the time series variance of the ensemble mean (see Figure S1 in the Supporting Information S1) (Hakim
et al., 2016; Tardif et al., 2019; Steiger et al., 2018). Uncertainties are also driven by the location and the spatial
concentration of proxy records in different geographical areas; for example, there are far fewer proxy records
in the Southern Hemisphere assimilated into the reconstructions (Steiger et al., 2018). The proxy data-driven
changes in variance introduces uncertainties in distinguishing between CP and EP El Nifio SSTA patterns (CP-EP
method in Figures 1 and 2), CP and EP El Nifio event frequency changes (e.g., Figures 3 and S6 in the Supporting
Information S1), and CP and EP EI Nifio variance (e.g., Figures S10 and S11 in the Supporting Information S1).
In addition, the use of different model priors in paleoclimate DA can have a large impact on the reconstructed SST
and teleconnections (L. Parsons & Hakim, 2019; Amrhein et al., 2020). In particular, several studies have high-
lighted the exaggerated ENSO pattern in both CCSM4 and CESM; ENSO variance in the model exceeds that of
the observations (Deser et al., 2012; Stevenson et al., 2016), and this enhanced ENSO response may amplify the
DA sensitivity in teleconnected regions. Through the use of an LMR experiment that excluded North American
proxy records in the DA reconstruction (Figure S9 in the Supporting Information S1), we confirmed that while
the reconstruction still shows demonstrable internal variability throughout the LM, the North American records
unsurprisingly add considerable information to the reconstruction in the tropical Pacific, and thus our results are
highly sensitive to regional proxy information in teleconnected areas.

Given the impact of the model prior in reconstructing past ENSO and teleconnections, future work is needed to
determine whether the characteristics of past CP and EP EI Nifio events and their hydroclimate responses reported
here are robust to different model priors (L. A. Parsons et al., 2021). Furthermore, additional studies using a
prior that incorporates the covariance structure of historical observations (e.g., reanalysis) could potentially
reduce uncertainties in data assimilation-based reconstructions of past climate (Amrhein et al., 2020; Perkins
& Hakim, 2020). Finally, as a guide for future work, we note that LMR and PHYDA were designed with differ-
ent climate reconstruction goals in mind, which dictated their proxy selection choices. The PAGES2k Consor-
tium proxy network chosen for LMR v2.1 is temperature-sensitive by design, while PHYDA includes hydro-
climate-sensitive proxies in an effort to reconstruct ENSO and its hydroclimate response. Despite the different
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networks employed in both reconstructions, our results show similarities, and such DA product inter-comparison
is valuable for identifying consistent and robust features of El Nifio and North American hydroclimate over the
LM. Nonetheless, future work should consider the differences between currently available and forthcoming DA
products to ensure the choice of reconstruction is well-aligned with the given scientific question.

5. Conclusions

As greenhouse gas concentrations in the atmosphere continue to increase, hydroclimate extremes are projected to
intensify over North America (Collins et al., 2013; Kirtman et al., 2013; Masson-Delmotte et al., 2013). However,
it remains unclear how ENSO teleconnections will modulate hydroclimate extremes in a warming climate (Steven-
son, 2012). At present, projections of changes to ENSO hydroclimate teleconnections over the 21st century vary
widely (Fasullo et al., 2018; Perry et al., 2020; Stevenson, 2012; Zhou et al., 2014). Given these distinct projec-
tions, future changes in teleconnection precipitation remain unclear for both El Nifio types. Consistent hydro-
climate shifts observed during CP versus EP El Nifio events over the LM in the DA products provide important
observational targets for Last Millennium simulations, and may prove useful for (a) ground-truthing model simu-
lations of precipitation patterns over the US for different types of events, and (b) prediction of regional hydrocli-
mate associated with CP or EP El Nifio if the spatial SST pattern is known in advance.

Anthropogenic warming impacts on SST have been shown to be more conducive to CP El Nifio generation in the
21st century, leading to increased CP El Nifio event frequency in future projections (Lee & McPhaden, 2010; Yeh
et al., 2009). If such model projections are correct, the frequency of hydroclimate extremes associated with CP
El Nifio events over North America will increase as well. The analysis presented here indicates that drought may
become more frequent in the E-Central and NW U.S., while the SW U.S. may experience wetter conditions more
often with increasing CP El Nifio events.

Finally, hydroclimate anomalies modulated by ENSO teleconnections are clearly sensitive to the pattern of SST
anomalies (Zhou et al., 2014; Xie, 2020; S. Dee et al., 2020; Patricola et al., 2020). If teleconnection (precipita-
tion and temperature) strength and ENSO SST spatial expressions shift with background warming in the tropical
Pacific, impacts will include changes in the spatial structure and recurrence of drought and heavy precipitation
in the SW U.S., as well as changes in flooding regimes in the Mississippi and Ohio River Basins (Griffin &
Anchukaitis, 2014; Seager & Hoerling, 2014; Munoz & Dee, 2017; S. Dee et al., 2020). These changes may be
predictable. Research such as this, which characterizes ENSO diversity and corresponding hydroclimate impacts
on extratropical regions, especially amidst ever-changing anthropogenic warming impacts, is a first step toward
refining projections of changes in extreme events and their interactions with large-scale natural modes of climate
variability.
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